Abstract We present an approach to assess and compare risk from climate change among multiple species through a risk matrix, in which managers can quickly prioritize for species that need to have strategies developed, evaluated further, or watched. We base the matrix upon earlier work towards the National Climate Assessment for potential damage to infrastructures from climate change. Risk is defined here as the product of the likelihood of an event occurring and the consequences or impact of that event. In the context of species habitats, the likelihood component is related to the potential changes in suitable habitat modeled at various times during this century. Consequences are related to the adaptability of the species to cope with the changes, especially the increasing intensity and/or frequency of disturbance events that are projected. We derived consequence scores from nine biological and 12 disturbance characteristics that were pulled from literature for each species. All data were generated from an atlas of climate change for 134 trees of the eastern United States (www.nrs.fs.fed.us/atlas). We show examples which depict a wide range of risk for tree species of northern Wisconsin, including species that may gain substantial habitat as well as lose substantial habitat, both of which will require the development of strategies to help the ecosystems adapt to such changes.
Defining a practical tool for risk assessment
The fundamental definition of risk from Raiffa and Schlaiffer (2000) and others before them makes it clear that analysts and decision-makers who focus their attention on uncertain futures should organize their thoughts around its dual components-likelihood and consequence(s), calibrated with respect to whatever metric(s) the decision-maker takes to be important. This was the approach NPCC (2009) adopted in New York City when they created a fixed (a priori) shading system within a risk matrix, with darker shading indicating higher qualitative and functional levels of risk, corresponding to the categories of (1) watch-relatively low risk but be diligent; (2) evaluate further and perhaps develop strategies-middle level of risk; and (3) develop strategies to cope with the risk-highest level of risk (Fig. 1a) .
Using this two-dimensional framework, an example for potential future flooding on infrastructure in New York City was prepared by Yohe and colleagues (Yohe 2010; Yohe and Leichenko 2010, Fig. 1b) . They provide qualitative judgments about both the magnitude of vulnerability and the likelihood of flooding exposure at specific points in time. The matrix portrays the fundamental nature of the risk (the product of likelihood and consequence) to specific types of infrastructure, which can be placed in the matrix for specific points in the future. This example displays a representative illustration of changes in risk (e.g., potential number of buildings damaged or destroyed) over time generated by the implications of sea level rise on the return time of what is now the 100 year storm and what is now the 10 year storm.
The point of creating the matrix was not that anybody would make a policy decision on the basis of this representation; it was that this representation, with judgments defended before a b Fig. 1 a This two-dimensional risk matrix displays qualitative judgments about both the magnitude of vulnerability and the likelihood of exposure at specific points in time. The shading in the box indicates differences in qualitative judgments about risk levels and the need for response. Source: Figure 5 in Appendix B of NPCC (2009) and Fig. 4.2 in NRC (2010b) . b NPCC (2009) reports that the return time for the current 100-year storm falls to , and 15-35 years on average (low moving to medium likelihood) years on average during the 2020's, 2050's and 2080's, respectively along high and low emissions scenarios. The return time for the current 10-year storm falls to 8-10, 3-6, and 1-3 years for the same cases (high to very high likelihood). NPCC (2009) also reports that consequences climb over time because of the anticipated increases in the value and/or number and/or size of the buildings affected peers, would organize individuals' and governmental thinking about near and far-term risk around both likelihood and consequence. This example is intended to show that the thought process of locating risk within such a matrix works not only for infrastructure as in the New York City application, but also for organizing thoughts around risks that are anticipated for ecosystems, which we now demonstrate for Northern Wisconsin exposure to climate change.
Application
3.1 Vegetation, land use, and climate of northern Wisconsin forests A logical location to apply the risk matrix approach in an ecosystem context is in ecological province 212j of northern Wisconsin, where work is ongoing to assess vulnerabilities and adaptation strategies (Swanston et al. 2011; Swanston and Janowiak 2012) . This area is fully described in these cited documents, but summaries of vegetation, land use, and the climate are presented in Online Resource 1. Suffice it to say that each of these ecological forces has undergone radical change over the past 100 years, and that the threats and vulnerabilities to many species and forest types have been changing. Many of these changes are directly or indirectly tied to the changes underway with climate, which is projected to change even more. By 2100, May-September temperatures in this region may increase by 2.2-7.6°C, according to the Parallel Climate Model, B1 scenario (PCMlo 0 mild scenario; Washington et al. 2000) and the Hadley CM3 model, A1fi scenario (Hadhi 0 harsh scenario; Pope 2000), respectively (Swanston et al. 2011) . These scenarios, used in the risk matrices presented below, represent the full range of possibility according to models and emission storylines projected by the Intergovernmental Panel on Climate Change (IPCC 2007; Nakicenovic et al. 2000) .
3.2 Indices for likelihood and consequences for trees of the eastern United States
Bases for the risk matrix for tree species habitats
We modified the matrix structure presented for New York City to replicate the likelihood of exposure by magnitude of vulnerability (or consequences) matrix, and demonstrated for sugar maple (Acer saccharum) in northern Wisconsin (Fig. 2a) . Because in the case of changes in species habitats, a decrease or increase may pose additional management The 'Gainers' section in greens is the mirror image of the 'Losers' section in browns in that the species gaining habitat may also merit the development of management strategies. The numbers on the x axis are based on future:current ratios of suitable habitat for the species, so that a 0 indicates complete loss of habitat, a 1.0 indicates no change, and an 8 represents an 8-fold increase in suitable habitat. Increasing projected change away from 1.0 in either direction indicates additional care managers need to take with regard to managing the species. The numbers on the y axis are based on the average scores of the 12 disturbance and 9 biological modification characteristics; a higher number means more adaptability of the species towards climate change. The increasing symbol sizes of the three dates of 2040, 2070, and 2100 indicate conditions are expected to get more unfavorable for the species as time proceeds in this century. b Risk matrix for three tree species, representing a species expected to lose habitat (black ash), gain habitat (white oak), and become a potential new migrant because of newly appearing habitat (yellow poplar). Because the new migrant is not currently present in northern Wisconsin, the future:current ratio has a 0 devisor, so we added 1 to each value to calculate the ratios ranging 1-100. The potential migrant species would require special attention to assess the biological and sociological realities associated with migrating into the zone of study. c Risk matrix for the spruce-fir forest type, based on a combination of potential changes in suitable habitat for black spruce and balsam fir. The axes are quantified the same as in a) and b), but are not labeled with the numbers b challenges, another modification was the creation of a mirror image of the matrix in order to capture also those species or forest types that are projected to increase in suitable habitat into the future (the 'gainers', Fig. 2a ). Data used for these risk matrices are based on a long history of statistical habitat modeling (using the model DISTRIB) and species vulnerability assessments, for 134 tree species across the eastern United States (described in Online Resource 2, and in Iverson et al. 2008 Iverson et al. , 2011 . Suitable habitat was defined as those climatic, edaphic, and physiognomic conditions suitable for a particular species to occur, and modeled using 38 predictors including 7 climate, 5 elevation, 9 soil class, 12 soil property, and 5 land use and fragmentation variables. The metric used for quantifying suitable habitat was summed importance values (IV) for northern Wisconsin. Thus, the area and the abundance of the species are accounted for, both now and potentially in the future. Key outputs from this work are the ratios, for any particular species, of quantified suitable habitat in the future (for 30-year periods ending in 2040, 2070 and 2100) under Hadhi and PCMlo climate scenarios to suitable habitat present now. These ratios form the basis of the X axis-the likelihood axis.
Modeling the responses of a comprehensive suite of biological and disturbance characteristics with a myriad of interactions is extremely difficult-irrespective of whether statistical or process-based mechanistic models are used. We therefore recently adopted a literature-based scoring system, called Modification Factors, to capture the species' response to changes in climate (Matthews et al. 2011b ) that cannot be adequately captured by our habitat modeling. This literature-based approach was used to assess the capacity for each species to adapt to 12 disturbance types, and to assess nine different biological characteristics related to the species adaptability (described in Online Resource 3, and Matthews et al. 2011b). To score each characteristic for each species, key, summarized literature was reviewed and scored according to specific criteria to arrive at a modification factor score ranging from −3 to +3 (very negative to very positive influence in dealing with expected climate change and associated disturbance impacts). We also scored each of the characteristics for their future climate relevance (e.g., will the changing climate potentially increase the risk of this disturbance?), with scores ranging in increasing relevance from 1 to 4. For species that have very little information available, we used information from related species or use 'default' values derived from all other species. Further explanations, definitions, default values, and examples of the scoring system are provided in Online Resource 3 as well as Matthews et al. (2011b) . The resulting values are related to the adaptability of the species to climate change, and are used to construct Y axis values in the risk matrix.
By combining key species, we can also prepare data for the risk matrices for a particular forest type. As described in Online Resource 4, we have done this for the spruce-fir type for northern Wisconsin.
Likelihood: based on current and potential future importance values
The ratios of summed importance values in the future (2040, 2070, 2100) to summed modeled importance values currently are the key values for the likelihood (X) axis in the risk matrix. These ratios are presented for sugar maple in Table 1 , and which also provide the data on the X axis (e.g., likelihood) of the risk matrix (Fig. 2a) .
'Likelihood' in this context would be, for any point in time, the potential that a section of forest within a specified region would have suitable habitat for the selected species or forest type, relative to its current amount of suitable habitat. The axis is based on the difference in suitable habitat between current and three future time intervals ending around 2040, 2070, and 2100. In this exercise, we contrast two widely differing scenarios of modeled climate change, PCMlo and Hadhi, to extract a range of possibility of risk associated with the IPCCprojected future climates.
We view the Future IV:Current IV ratio as a function related to likelihood of impact on the amount of suitable habitat-the greater the potential change in IV, the greater likelihood of impact. For species showing loss of habitat (i.e., reduction in Future IV relative to current), the X-axis ranges from +1 (no change in habitat with time) to 0 (complete loss of habitat over time) (Fig. 2a) . For sugar maple, the values range from 0.32 to 0.77, depending on year and scenario (Table 1, Fig. 2a ). The models show that for sugar maple, the largest reduction of suitable habitat (only a third of remaining habitat) would be present by 2100 if we follow the high emissions track and if the Hadley GCM is accurate. However, if humans adopt a strict energy conservation track (and the PCM GCM is more accurate), roughly two-thirds of the suitable habitat for sugar maple would remain from northern Wisconsin by 2100 (Table 1) . For species showing gains in habitat (i.e., increase in Future IV relative to current), the range in this demonstration is +1 to +8, and is exemplified by white oak (Quercus alba) in Fig. 2b , which is modeled to show 2-3x increases of habitat by 2100. For newly entering migrants, the range is confined to the leftmost column of the graph and ranges from 1 to 100+, exemplified by yellow poplar (Lireodendron tulipifera) in northern Wisconsin (Fig. 2b) . In this case, because current IV is zero (indivisible), we simply add 1 to both current and future scores, and then divide (1 to 108 for yellow poplar). It is important to understand that these numbers themselves are not directly the scale of 'likelihood', but rather scales of the Future IV:Current IV, and are only plotted on Fig. 2a and b to show the quantitative linkages.
Consequences: based on modification factors
'Consequences' in this context would be related to the species or forest type's adaptability under climate change, based on a literature assessment of the species' biological traits and capacity to respond to disturbance which are occurring or likely to occur within this century, and as compounded (or not) by climate change. In this case, we score the adaptability of the e Future relevance score is determined by proportion of disturbance score resulting from disturbances likely to be increasing because of climate change f Y axis:Future ModFac score is product of the disturbance ModFacs*Future Relevance, thus a measure of increasing impacts through time species to cope with climate change; the lower the capacity to cope, the greater risk for habitat loss and greater the consequences from climate change. We build this component of the risk matrix from the modification factors as described in Online Resource 3 and Matthews et al. (2011b) , using the nine biological and 12 disturbance characteristics, scored individually from −3 to +3 (rescaled 0-6) as an indication of the adaptability of the species to climate change. The mean, rescaled values for biological and disturbance characteristics were plotted to form two sides of a right triangle; the hypotenuse was then a combination (disturbance and biological characteristics) metric, ranging from 0 to 8.5, and used as the Y axis of the risk matrix (Table 1, Fig. 2a ). Relative to many other species, sugar maple is fairly adaptable, with a score of 5.81 (Table 1) . Other species' scores reported in this paper range from 6.14 for white oak to 1.69 for black ash (Fraxinus nigra) (Fig. 2b) . Black ash scores very low in part because 6 of 12 disturbance characteristics score at least a −2, with a clear overriding threat from the emerald ash borer (Agrilus planipennis Fairmaire) (Poland and McCullough 2006) .
It is important to note that the 'consequences' axis does not include socio-economic consequences. Obviously, these are important but are not considered here. For example, a decline in sugar maple habitat can be linked to loss in the maple syrup industry. A loss of black ash is very important to certain Native American tribes that depend on the species for their basket-making livelihood.
Future relevance in risk of disturbances
So far, we have derived the 'likelihood X axis' from potential changes in suitable habitat at three future times this century (2040, 2070, 2100) , and a 'consequences Y axis' from the adaptability scores derived from the biological and disturbance modification factors. These numbers form the basis for the first interval (2040). For sugar maple, it results in X values of 0.68 (PCMlo) to 0.77 (Hadhi), and a Y value of 5.81 from Modification Factors (Table 1 , Fig. 2a) . However, these two components do not account for the increasing likelihood that certain disturbances will occur in the decades following 2040. Virtually all GCM models suggest that the hydrologic cycle will become more vigorous as warming of the atmosphere continues; thus we will witness increasing floods, droughts, wind, ice, etc., directly, and with the indirect result of increasing outbreaks of pests and pathogens as well as fires. Therefore, we derived a means to represent this potential for increasing climate-related disturbances for the periods ending in 2070 and 2100.
As previously mentioned, we estimated the 'future relevance', ranging from 1 to 4, as well as assigned a literature-based score, ranging from −3 to +3, for each of the 12 disturbance characteristics, (see also Matthews et al. 2011b) . The sum of the 12 products of these two scores (−20 for sugar maple), divided by the minimum possible sum of products (−144) yielded an estimate of the relative influence these disturbances may have in the future. For sugar maple, this calculation results in a 14% reduction in adaptability by, we assume, the year 2070 (shown as a 0.86 multiplier in Table 1 ). To generate the multiplier for the 2100 date, we arbitrarily calculated it as twice the 2070 multiplier, so that for sugar maple, there would be a 28% reduction in adaptability (0.72 multiplier in Table 1 ).
Results
A risk matrix for sugar maple (Acer saccharum) shows the level of risk of losing suitable habitat varying from relatively low to high, depending on the model/scenario and time into this century (Fig. 2a) . Because of the very high projected increase in temperature for this region by 2100, especially under Hadhi with a projected~7.5°C increase in growing season temperature for northern Wisconsin, the species shows substantially more risk by then. According to the class boxes on the matrix, it would be quite important to develop strategies for dealing with this outcome. In contrast, with the mild scenario of PCM, the expectation would be that the urgency to develop strategies is lessened (e.g., evaluate further and perhaps develop strategies). The red (top) and blue (bottom) lines form a range of potentials according to our models and the IPCC scenarios of harshest to mildest.
In Fig. 2b , we present a risk matrix for three species, a 'loser' species, black ash (Fraxinus nigra), a 'gainer' species, white oak (Quercus alba), and a 'new migrant' species, yellow poplar (Liriodendron tulipifera). Black ash carries more risk because, among other disadvantageous traits, it has low adaptability to the emerald ash borer, which is carrying great risk to all ash species in North America (Prasad et al. 2010 ). White oak is expected to gain habitat in northern Wisconsin, and it is quite well adapted to many of the expected conditions in the future. Relative to many other species, there is not as much change projected with time or scenario for this species. Yellow poplar is currently not recorded in northern Wisconsin, according to forest inventory information of the US Forest Service. As a potential new migrant into the region, it is confined to the left-most column of boxes on the risk matrix, and this species may actually provide new opportunities for habitat or wood products, but will require managers to evaluate actual migration and colonization potentials, and develop strategies related to promoting the species (or not).
The spruce-fir forest type is the simplest of the forest types in the eastern United States, in that we plot a combination of just two species, balsam fir (Abies balsamea) and black spruce (Picea mariana), and these two species are similar both in X and Y axis traits (large losers of habitat, low level of adaptability) (Fig. 2c) . To arrive at the axes scores, we took the total (summed) ratio of importance values of future:current for the X axis, and the averages of the two species for the adaptability and future relevance estimates. As shown, this forest type is in great danger of having nearly its entire suitable habitat moving north into Canada where it came from about 6,000 years ago (DeHayes et al. 2000) . Developing coping and adaptation strategies to deal with these eventual changes, such as resistance, resilience, or response, are important for this forest type. Carrying this methodology forward with a) more general forest types (e.g., oak-hickory) or b) across large regions (e.g., the eastern United States), would be more difficult because there will often be a group of losing species and a group of gaining species which would tend to cancel each other out in the summations.
Discussion
The purpose of this paper is to show how we can combine a statistical modeling framework (DISTRIB) with a decision support scoring system (Modification Factors) to provide a means to compare among species for key risks in changes in habitats associated with climate change. As such, the approach reveals a process which may allow deliberations on potential adaptation strategies for maximum efficiencies and value added. The examples provided reveal various insights about species and how they may fare in facing key risks associated with climate change. This tool could potentially be used in public vetting to, for example, organize thinking of a planning team on a national forest as they work to include climate change into the Forest Plan, or for various stakeholder groups to respond to proposed projects while considering climate change. We anticipate developing a tool that will automatically create these matrices so that land managers, scientists, policy makers, and other interested parties could readily compare among species for likelihood of habitat change and their adaptability to a changing climate on their particular piece of ground. Those species needing attention could then be in focus for further studies and the development of coping strategies. However, managers and policy makers obviously have multiple objectives and constraints in their management of ecosystems; we provide the risk matrices as one tool in the decision framework.
We know that species have always been moving about the landscape (e.g., Davis and Shaw 2001; Davis and Zabinski 1992; Webb 1992) , and that in recent decades, evidence is building that species are moving even faster than in historic times (e.g., Chen et al. 2011; Dobrowski et al. 2011; Parmesan and Yohe 2003) . Here, we attempt to evaluate the risk for species' habitats to move over the remainder of this century (not necessarily the species moving, but rather their habitats, as significant lags times to movement occur with trees). The risk matrices demonstrated here provide a data-driven, consistent approach to assessing forms of both 'likelihood' and 'consequences' related to potential tree species changes in suitable habitat, over time, with climate change. They provide the potential range of possibility within the last Intergovernmental Panel on Climate Change tested models (IPCC 2007) , including emissions trajectories (Nakicenovic et al. 2000) . While direct quantitative risk cannot be drawn, a mechanism to evaluate species in a clearly defined relative risk manner is supported, given the volume of data available for tree species. We show that, besides the substantial uncertainty associated with the selection of GCM, there is a great importance with respect to outcomes of risk due to the decisions humans make regarding emissions, especially later in the century. Though the matrices are built from methods, data, and metrics that have been peer-reviewed and published, there are many assumptions and caveats associated with the outputs. The risk matrices show the spread of risk, and uncertainty, increasing with time, with estimated changes between the 'red' and 'blue' lines. We could produce these matrices for any of 134 tree species in the eastern U.S. (see our web site for the list (www.nrs.fs.fed.us/atlas), Prasad et al. 2009 ). Though we focus on data from our 134 tree species, other data sources could be used to generate the risk matrices. For example, efforts are underway to combine potential changes in suitable habitat for selected birds (again, from our website, Matthews et al. 2011a), with vulnerability assessments from the System for Assessing Vulnerability of Species (SAVS) system of Bagne et al. (2011) , to derive a similar matrix. Similarly, elsewhere in the forestry sector, efforts are underway to construct such matrices for fire, carbon, and water.
The unique setting of applying risk matrices to ecological systems requires that the interconnected nature of these systems be represented. One basic feature of ecosystems is the multitude of competitive forces which drive species persistence, and as species habitat suitability changes, we must consider both losing and gaining species. Because many species also gain habitat (mostly as they move habitat north), there is also risk associated with these movements that managers must consider. Decisions will need to be made as to the desirability, value, and migration and colonization realities associated with potential new migrants, as compared to the need to secure the original species which are now facing new levels of competition. Here the adaptation framework will be invoked, considering resistance, resilience, or response (Millar and Stephenson 2007) . Perhaps assisted migration is desired, or migration corridor management, or alternatively, a defensive strategy to prevent or slow the incursion of new species. Perhaps competition from the gainers will add stress to the species presently there and potentially decreasing in habitat. These all require attention from managers, hence "developing strategies" will be as relevant for species gaining habitat as those projected to lose habitat.
Socio-economic impacts are not included in these matrices and thus there is a large gap related to the 'consequences' of the changing habitats. For many species, one would expect a correlation between value(s) of particular species to society and the positive or negative changes in habitat portrayed here, but that would not always be expected. Of course, societal values also vary by population groups. Perhaps one approach towards including these impacts here would be to frame the discussion within the context of ecosystem services, as provided in one form by the Millennium Ecosystem Assessment (MEA 2005) . The ecosystem services of our forests include high levels of supporting (e.g., primary production, nutrient cycling, soil formation), provisioning (e.g., food, fresh water, wood and fiber, fuel), regulating (e.g., regulation of climate, floods, disease, water purification), and cultural (e.g., aesthetic, spiritual, educational, recreational) services. These services, in turn, provide many of the constituents of well-being (security, basic material for good life, health, good social relations, freedom of choice and action). Forests changing as a result of global change will also result in changes in ecosystem services and thus the constituents of well-being-but for some species and for some people in some places, these changes are not always negative. Thus we can use ecosystem services to link to the socio-economic side from the biophysical side.
Summary
We present these ideas as a "proof of concept" paper for "organizing thoughts" to inform an approach for risk management challenges in forestry to address climate change impacts. Our example risk matrices allow for comparison among forest tree species with respect to likelihood and consequences of habitat change due to climate change. We suggest these types of approaches can be applied across a wide variety of impacts ongoing or expected from climate change. Although the metrics may not be derived from the same methodologies, the capacity to rate one species against another, or one location against another, will be helpful in developing a consistent approach to risk management from impacts of climate change.
